ABSTRACT We introduce a 3C-SiC growth concept on off-oriented 4H-SiC substrates using a sublimation epitaxial method. A growth model of 3C-SiC layer development via a controlled cubic polytype nucleation on in situ formed on-axis area followed by a lateral enlargement of 3C-SiC domains along the step-flow direction is outlined. Growth process stability and reproducibility of high crystalline quality material are demonstrated in a series of 3C-SiC samples with a thickness of about 1 mm. The average values of full width at half-maximum of ω rocking curves on these samples vary from 34 to 48 arcsec indicating high crystalline quality compared to values found in the literature. The low temperature photoluminescence measurements also confirm a high crystalline quality of 3C-SiC and indicate that the residual nitrogen concentration is about 1-2×10 16 cm -3 . Such 3C-SiC growth concept may be applied to produce substrates for homoepitaxial 3C-SiC growth or seeds which could be explored in bulk growth of 3C-SiC.
INTRODUCTION
Cubic silicon carbide (3C-SiC) as well as commercially available hexagonal silicon carbide (4H-and 6H-SiC) has excellent thermal, electrical, mechanical and chemical properties. It is very attractive for the development of metal-oxide-semiconductor field-effect transistors for medium power devices, 1, 2 high efficiency solar cells, 3, 4 biocompatible medical devices 5 or biomarkers. 6 Furthermore, it is a suitable substrate for the growth of nitride and epitaxial graphene layers. 7, 8 While technologies for producing bulk hexagonal silicon carbide (α-SiC) have significantly advanced and device quality wafers have been commercially available for a number of years, the growth of bulk 3C-SiC is still lagging behind its hexagonal counterparts. The main problem hampering the progress in the growth of bulk 3C-SiC is a lack of high quality seeds which could be applied in the physical vapor transport (PVT) technique in the same way as it is done for the growth of large 4H-or 6H-SiC crystals. 9 Moreover, considering thermal stresses created in the seed attached to the lid or graphite plate during the PVT growth, the 3C-SiC seed with a thickness close to 1 mm would be preferable for the growth of low defect density crystals.
The 3C-SiC is usually heteroepitaxially grown on the foreign substrates such as silicon or hexagonal SiC (α-SiC). Large area free-standing 3C-SiC wafers have been produced on silicon. 10 However, the quality of 3C-SiC is limited due to fundamental problems in the Si/3C-SiC material system. A high density of structural defects is formed in the grown crystal due to a high mismatch in thermal expansion coefficients and lattice parameters between the silicon and 3C-SiC. It was also shown that the defect density in 3C-SiC layers grown on silicon tends to saturate in the range between 10 3 and 10 4 cm -1 . 11 On the other hand, the α-SiC is an excellent substrate in terms of lattice parameter, thermal expansion coefficient and chemical compatibility. However, the α-SiC/3C-SiC system also possesses a fundamental problem related to the formation of structural defects called double positioning boundaries (DPBs). 12 The DPBs in the 3C-SiC can influence electronic properties of the material, interact with impurities and lead to a poor behavior of a large area Schottky contacts. 13, 14 Therefore, the reduction of DPBs density remains one of the primary goals to be achieved in the growth of 3C-SiC on α-SiC substrates.
The α-SiC can be roughly divided into nominally on-axis and off-oriented substrates.
Nominally on-axis substrates are commonly used for heteroepitaxial growth of thin 3C-SiC layers via two-dimensional nucleation. [15] [16] [17] [18] In contrast, the off-oriented substrates are the usual choice in homoepitaxial growth of 6H or 4H-SiC layers. The surface of such substrates contains high density of steps. Therefore, incoming atoms are easily incorporated at the step kinks and the homoepitaxial layer grows via a step flow growth mechanism. 19 However, under certain conditions the growth of 3C-SiC on off-oriented α-SiC substrates can also be possible. The growth of thin 3C-SiC layers directly on off-oriented substrates was demonstrated using the vapor-liquid-solid (VLS) technique. 18 High quality but restricted area 3C-SiC epilayers have been grown using chemical vapor deposition on off-oriented 4H-SiC substrates with pre-etched mesas structures. 20 In contrast, larger size and bulk-like 3C-SiC layers have been demonstrated using sublimation epitaxy techniques on off-oriented 6H-SiC substrates. 21, 22 However, such material exhibits low crystalline quality.
The 3C-SiC growth concept that is demonstrated in this paper allows a reproducible growth of high crystalline quality thick 3C-SiC layers on off-oriented 4H-SiC substrates without foreign polytype inclusions. This concept is demonstrated using a sublimation epitaxial growth method, but the generic concept might probably also be applied to other SiC growth methods. In the case of 3C-SiC growth on conventionally used on-axis substrates, the nucleation of the cubic phase occurs in a spontaneous manner over the surface area and is difficult to control. We propose a controllable initial polytype formation and subsequent enlargement of 3C-SiC domains on offoriented substrates leading to a significant reduction in the density of DPBs compared to the 3C-SiC layers grown on nominally on-axis substrates. Moreover, the 3C-SiC layers grown via a lateral enlargement mechanism on off-oriented substrates contain large enough DPBs-free areas which can potentially be used as seeds for the bulk 3C-SiC growth or can be explored as a substrate for homoepitaxial 3C-SiC growth for various device concepts.
EXPERIMENTAL DETAILS
The sublimation epitaxial 3C-SiC growth arrangement is depicted in Fig.1 Polycrystalline SiC plates were used as a source material. In addition, a tantalum (Ta) foil was inserted under the source. It acts as a carbon getter at elevated temperatures, and the growth proceeds in a silicon enriched environment which is preferable for the formation of the 3C-SiC. 24 A graphite plate was placed on the top of the substrate in order to prevent backside sublimation of the substrate. The temperature was measured on the top of the crucible via the opening in the insulation material using an infrared pyrometer.
Before the growth all substrates were chemically cleaned with acetone and ethanol followed by 
RESULTS AND DISCUSSIONS
In order to evaluate the reproducibility of results, a series of five 3C-SiC samples was grown on off-oriented 4H-SiC substrates using similar growth conditions (growth rate ~0,5 mm/h, growth temperature -1900 o C, growth time -2 h). A typical 3C-SiC layer obtained under the conditions mentioned above is shown in Fig. 2 (a) . The thickness of the layer is about 1.0 mm.
Such a thickness is required to completely cover the 7×7 mm 2 surface with 3C-SiC via the lateral enlargement mechanism. A 100% surface coverage with the cubic polytype was confirmed in all samples using LTPL. The lateral enlargement growth mechanism can extend the domains several millimeters all the way from the edge, where they nucleate, to the opposite side of the sample.
This leads to the formation of 3C-SiC layer which contains a few DPBs which propagate via the entire length of the surface along the step-flow direction ( Fig. 2 (a) enlarged view) . Usually single domains of up to 2×7 mm 2 are obtained when growing on a 7×7 mm 2 surface area. For comparison, we performed growth of 3C-SiC on a chemomechanically polished nominally onaxis 4H-SiC (0001) substrate using the same growth arrangement and the same growth conditions as for the sample shown in Fig. 2 (a) . As seen in Fig. (b) , the 3C-SiC layer on nominally on-axis substrate exhibit mosaic structure with high density of DPBs. A typical domain size is less than 1 mm 2 , which coincides with the results reported on the growth of 3C-SiC on nominally on-axis hexagonal SiC substrates using sublimation epitaxial growth. The HRXRD ω rocking curves were measured on seven different points distributed over each sample using (111) Bragg reflection and a footprint of 1×2.7 mm 2 . The values of the full width at half maximum (FWHM) of ω rocking curves on the five 3C-SiC samples grown at the same growth conditions vary from 26 to 56 arcseconds ( Fig. 3 (a) ) with the average value in each sample being 39, 36, 48, 34, 35 arcsec. For a comparison, a mapping of FWHM of ω rocking curves was done using the same footprint on a 3 in. commercial 3C-SiC (001) substrate which was grown on undulant silicon wafer and 4 deg off-oriented 4H-SiC substrate used in this study. Fig. 3 (b) . The intensity ratios of ZPL, TA, LA with respect to the TO line can provide information on the biaxial stress in the 3C-SiC crystal. 31 The LA is the line most sensitive to biaxial stress followed by LO, TA and TO which is almost unaffected by biaxial stress. 31 Therefore, the intensity ratio between the LA and TO is informative biaxial stress indicator. The variations in intensity ratios of ZPL, TA, LA with respect to TO in five 3C-SiC samples grown using lateral enlargement mechanism and comparison of such intensity ratios available from the literature is presented in Table 1 . The ratio between ILA/ITO varies in a range of 0.74-0.80 which is indicating a low biaxial stress in 3C-SiC grown in this study.
We have not observed free-exciton related emissions due to the presence of residual nitrogen. The HRXRD and LTPL results indicate that the lateral enlargement mechanism allows reproducible growth of 3C-SiC layers that exhibit high crystalline quality.
GROWTH MODEL
The formation of 3C-SiC on off-oriented 4H-SiC can be divided into three interconnected stages ( 
Stage I: Formation of a large terrace (LT) at the edge of 4H-SiC homoepitaxial layer (HL).
The area of HL is determined by the opening in the spacer and in these experiments it was 7×7 mm 2 . Considering that the HL has a rectangular shape given by the square spacer opening, the LT that evolves into an on-axis surface is always formed along the edge of the rectangular HL area which is aligned perpendicularly to the step-flow direction as shown in Fig 6 (a-b) . Optical micrographs in Fig. 6 (c-g) show a fragment of the HL edge where the formation of the LT occurs. A dashed line in Fig. 6 (c-g ) indicates a border between the substrate area that is covered by the spacer, schematically illustrated in the enlarged area of Fig. 6 (b) , and the area which was exposed to vapor species sublimed from the source.
The initial homoepitaxial growth is seen in the extract of Fig. 6 (c) (Fig. 6(g) ). Based on the surface analysis by AFM the LT surface at this stage is covered with spirals having terraces the width of which vary from 800 nm up to 1. mechanism. In such way, a 3C-SiC growth front which enlarges along the step-flow growth direction is created (Fig. 7) . The crystalline quality of this front significantly influences the quality of the final 3C-SiC layer. The DPBs formed on the LT propagate along the step-flow direction together with the 3C-SiC growth front. If additional/parasitic 3C-SiC domains are not present on the HL, the growth front will propagate along the step-flow direction until it reaches the opposite edge of the HL and completely covers the surface with 3C-SiC. In contrast, if the growth front collides with the parasitic 3C-SiC domains ( Fig. 7 (b, d) ) on the HL, it may lead to the formation of new DPBs that can cascade into further growth disturbances.
Usually, the formation of parasitic 3C-SiC domains are caused by structural defects which originate from the substrate and propagate all the way up to the surface of the HL. In addition, they could be induced by mechanical polishing scratches, presence of solid particles on the surface or various polycrystalline inclusions formed during the growth. These defects act as obstacles for the continuous flow of steps and can induce formation of parasitic 3C-SiC domains in the central part of the HL as well. Therefore, the quality of the substrate surface has to be well considered in order to obtain 3C-SiC layer with low density of structural defects. In order to further understand the 3C-SiC enlargement mechanism, a cross-sectional analysis was made on a sample with incomplete surface coverage with 3C-SiC (Fig. 8) . After the formation of the 3C-SiC growth front it starts to enlarge laterally along the step-flow direction.
At the same time, a transition layer starts to form and propagate between the homoepitaxial 4H-SiC and laterally enlarging 3C-SiC layer. This occurs at a layer thickness of about 20-30 µm. The approximate enlargement distance of the transition layer (Xtran) (Fig. 8 ) is proportional to the total thickness of the grown layer and inversely proportional to the tangent of the off-cut angle. Meanwhile, the approximate enlargement distance of 3C-SiC (X3C-SiC) is inversely proportional to the tangent of double off-cut angle as shown in equations below:
where T -total thickness of grown layer, H -thickness at which LT is formed (20-30 µm) and α -the off-cut angle.
The transition layer could originate due to a very small mismatch in a lattice parameter between the 3C-SiC and the hexagonal SiC substrate. A previous study of 3C-SiC grown on nominally on-axis hexagonal SiC substrates using sublimation epitaxy also revealed the existence of thin transition layer in which polytypic transformation occurred through admixture of 15R-, 6H-and 3C-SiC and other irregular stacking sequences. 33 The advantage of the 3C-SiC growth on nominally on-axis substrates is that the transition layer is localized at the interface between the 3C-SiC and the substrate, and does not propagate to the growing surface. In contrast, when using off-oriented substrates the transition layer propagates to the surface and stays there until it is completely covered with 3C-SiC domains that are enlarging along the step-flow direction.
CONCLUSIONS
A series of 3C-SiC samples were grown using the same growth conditions on off-oriented 4H-SiC substrates. We have demonstrated a reproducible and well controllable growth process which allows to obtain high crystalline quality 3C-SiC samples without foreign polytype inclusions on a surface area of 7×7mm 2 and the total layer thickness of 1 mm. Single domains of up to 2×7 mm 2 are usually present on such size surfaces. The growth of 3C-SiC layers overpasses several interconnected stages. The 3C-SiC domains initially nucleate on an in-situ formed large terrace with on-axis surface and subsequently laterally enlarges along the step-flow direction until a complete surface coverage with 3C-SiC is obtained. In such way, a significant reduction of DPBs compared to the cubic polytype growth using the on-axis substrates is achieved. The surface area covered by 3C-SiC depends on the geometrical constrains, mainly on the size of the opening in the spacer and the total thickness of the layer, since an approximate enlargement distance of 3C-SiC is inversely proportional to the tangent of double off-cut angle.
Therefore, this growth mechanism is generic and could be used to grow 3C-SiC layers on 4H-SiC substrates having other off-cut angles and larger substrate surfaces. This would allow one to produce even larger DPBs-free areas. The resulting 3C-SiC layers could be used as seeding layers for the bulk or homoepitaxial growth.
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